Previsions of a warmer ocean as a consequence of climatic change point to a 2-68C temperature rise during this century in surface oceanic waters. Heterotrophic bacteria occupy the central position of the marine microbial food web, and their metabolic activity and interactions with other compartments within the web are regulated by temperature. In particular, key ecosystem processes like bacterial production (BP), respiration (BR), growth efficiency and bacterial -grazer trophic interactions are likely to change in a warmer ocean. Different approaches can be used to predict these changes. Here we combine evidence of the effects of temperature on these processes and interactions coming from laboratory experiments, space-for-time substitutions, long-term data from microbial observatories and theoretical predictions. Some of the evidence we gathered shows opposite trends to warming depending on the spatio-temporal scale of observation, and the complexity of the system under study. In particular, we show that warming (i) increases BR, (ii) increases bacterial losses to their grazers, and thus bacterial -grazer biomass flux within the microbial food web, (iii) increases BP if enough resources are available (as labile organic matter derived from phytoplankton excretion or lysis), and (iv) increases bacterial losses to grazing at lower rates than BP, and hence decreasing the proportion of production removed by grazers. As a consequence, bacterial abundance would also increase and reinforce the already dominant role of microbes in the carbon cycle of a warmer ocean.
CLIMATE CHANGE AND THE SURFACE OCEAN: THE MICROBIAL GAP
Global change encompasses a multitude of environmental and ecological changes that have been observed during the last decades as a direct or indirect result of increasing human population, the burning of fossil fuels and consequent accumulation of greenhouse gases in the atmosphere. Changes in climate are the most prominent manifestation of global change. Climate change impacts the ocean through generalized temperature rise, shifts in wind and radiation regimes, changes in the hydrological cycle, alterations related to oceanic circulation and stratification, changes in the frequency of episodic extreme events (such as storms) and acidification. Here, we consider only temperature rise, since the science behind, for example, acidification effects is still at an early stage. We have also not considered subtle effects like changes in sea water viscosity on grazing rates, an important issue for microzooplankton. Unlike in terrestrial ecosystems, the direct link between climate change and temperature rise in the ocean is not straightforward, as changes in oceanic circulation or vertical mixing can actually decrease oceans' temperatures at a regional scale (e.g. Levitus et al. 2000) .
The most immediate and direct effect of global change at a global ocean scale will be, however, the increment in the surface sea water temperature, down to tens of metres. Climatic models predict that water temperatures will increase by a few degrees during this century (Timmermann et al. 1999; Meehl et al. 2007 ). These predictions have been confirmed by long-term observations in European seas where sea surface temperature rates of increase have been around 0.018C yr 21 since the 1860s (Wiltshire & Manly 2004; Vargas-Yañ ez et al. 2005; Mackensie & Schiedek 2007) . It is likely that such changes will deeply affect different aspects of the structure and functioning of marine ecosystems (e.g. Edwards & Richardson 2004; Wiltshire et al. 2008; Montoya & Raffaelli 2010 ).
The vast majority of published works on the ecosystem effects of climate change (e.g. Stenseth et al. 2002; Walther et al. 2002; Parmesan & Yohe 2003) do not mention (or only very briefly allude to) the microbial world. An explanation for this gap could be that the lower trophic levels, such as the primary producers (phytoplankton) and decomposers (heterotrophic prokaryotes), are considered less sensitive to environmental change than their consumers or predators, since sensitivity to climate is believed to increase with trophic level (Voigt et al. 2003; Raffaelli 2004 ). However, minor effects at the base of the food web could be amplified through trophic chains, warranting interest in the effects of climate change on microbes. In addition, the microbial world is a 'slippery field', based on complex instrument-mediated observations, where the perception of changes may not be as obvious as in the perceived 'real' (macroscopic) world.
In this paper, we predict effects and review the empirical evidence of increasing temperatures on bacterial-associated ecosystem processes and trophic interactions within the microbial food web in the euphotic layer of the ocean, where susceptibility to warming is higher. We present and combine studies based on experimental manipulations, long-term observations, cross-comparisons between natural systems under different temperature regimes (also called space-for-time substitutions) and theoretical predictions derived from current ecological theory, in particular those resulting from the metabolic theory of ecology (MTE).
THE MARINE MICROBIAL FOOD WEB: WHY SHOULD WE CARE ABOUT MICROBES?
The upper layer of the oceans constitutes a boundary between the atmosphere, where CO 2 and other greenhouse-effect gases have accumulated during the previous decades, and the deep ocean, probably the largest carbon reservoir on Earth (Gruber et al. , 2009 Sarmiento & Gruber 2002) . It is in this euphotic (illuminated) zone that the solar energy supports an extraordinarily efficient photosynthesis, considering the scarcity of nutrients in the vast majority of the oceanic regions. Taking into account that two-thirds of the Earth surface is covered by oceans, it is not surprising that half of global primary production (PP) takes place in the sea. The uniqueness of the oceanic ecosystem is that these huge numbers, approximately 60 Gt of C per year, are actually processed by microbes (Field et al. 1998) .
The microbial food web can be simplified in a small number of boxes (figure 1). This avoids the endless debate on the species definition of microbes and the entangled complexity generated by their huge diversity. These are functional boxes: the two largest boxes, in terms of biomass and, above all, carbon processing, are heterotrophic bacteria and phytoplankton. These two boxes are interconnected by a two-way flux: phytoplankton excretion or cell lysis is a source of organic matter for heterotrophic bacteria; mineralization of this organic matter by heterotrophic bacteria, in turn, provides nutrients for primary producers. The coexistence of phytoplankton and heterotrophic bacteria in high abundances in the sea implies a predominantly mutualistic relationship (Aota & Nakajima 2001) , although algae can also produce antagonistic molecules that inhibit bacterial growth (e.g. Ribalet et al. 2008) , and vice-versa (e.g. Mayali & Azam 2004) .
Although bacterial production (BP) is highly variable in the oceans' euphotic layer, cell abundance is relatively constant (approx. 10 5 2 10 6 cells ml
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). On the contrary, phytoplankton abundance and productivity show large variations, both vertically (in the water column), and spatially (from one place to another). Large phytoplankton usually proliferate in regions with high inorganic nutrient content (e.g. upwelling zones, coastal areas, polar regions over the summer), but the vast majority of the total ocean surface corresponds to permanently stratified and extremely oligotrophic areas where small phytoplankton dominate autotrophic biomass Behrenfeld et al. 2006) .
Increasing temperatures affect both of these food web compartments. Paleontological and space-fortime analysis of phytoplankton cell size demonstrated that in a warmer ocean primary producers will tend to be smaller (e.g. Falkowski & Oliver 2007; Morán et al. 2010) . For heterotrophic bacteria, the vast majority of studies have focused on metabolic rates, and all show an increase of bacterial specific growth rate, BP and bacterial respiration (BR) with temperature (e.g. White et al. 1991; Ló pez-Urrutia & Morán 2007; Vázquez-Domínguez et al. 2007) .
The third box in our simplified food web corresponds to the grazers, comprising protists (nanoflagellates, ciliates, etc.) that are strictly heterotrophic or mixotrophic and incorporate carbon by ingesting small primary producers (e.g. cyanobacteria) and/or heterotrophic bacteria. Nano-and micrograzers are, in turn, grazed by larger zooplankton, representing an energy input from the microbial food web into the classic food chain (phytoplankton -metazooplankton -fish). Things are much more complex than this simplistic representation: e.g. recent reports have shown that roughly half of the grazing impact on the bacterial community is due to small phytoplankton (Unrein et al. 2007; Zubkov & Tarran 2008) , so that some individuals classically belonging to the phytoplankton box should also be included in the grazers box. Here too, it is well established that bacterial losses to protist grazing increase with temperature (as discussed below), although grazing rates depend also on prey and predator abundance (Peters 1994; .
The fourth box, and by far the least well documented and understood, comprises marine viruses. We lack evidence on how temperature affects viral infection, and the environmental factors that trigger viral infection and lysogeny are still poorly understood. It is common to observe bacterial mortality owing to viruses at least as high as losses owing to grazing (Fuhrman 1999; Boras et al. 2009 ). Theoretically we would expect virus infection to be proportional to bacterial cell abundance, but further research is needed in this area (but see Weinbauer et al. 2009) .
As a metaphor, one could compare the euphotic layer of the ocean to a cell membrane, constituting a highly complex and active boundary that keeps sharp gradients of different molecules between the cell interior and the outside world. In this sense, the upper ocean microbial food web (the autotrophs in particular) could be seen as a huge carbon-processing machine that would remove CO 2 from the atmosphere and would push it downwards into the depths. However, part of the carbon fixed by autotrophy is actually respired in situ. Global ocean respiration estimates point to numbers at least as high as oceanic PP (del Giorgo & Duarte 2002; Karl et al. 2003; Riser & Johnson 2008 ; but see Williams et al. 2004) . The majority (greater than 95%; del Giorgo & Duarte 2002) of respiration in the ocean is carried out by heterotrophic bacteria, with half of it (approx. 37 Gt of C per year) taking place in the euphotic layer (del Giorgio & Williams 2005) . A fundamental feature that has changed our view of global biogeochemical processes is that oceanic microbes are the key players. Slight changes in the biomass stock or activity of any of the compartments of the microbial food web within the euphotic zone of the ocean should have major impacts on the global carbon cycle and could accelerate or compensate the processes associated with global change.
INTERACTIONS INVOLVING HETEROTROPHIC BACTERIA: TEMPERATURE, RESOURCES AND GRAZING
One of the biggest challenges in marine research is to forecast the effects of climate change on planktonic communities, especially when the effects of temperature on a particular box of the microbial food web depend on the feedback with other boxes that are also responding to environmental change. The final outcome, perceived as changes in metabolic rates (physiological response) or in species composition, can be a tradeoff of synergetic and antagonistic processes taking place within the food web. This is exemplified by the case of heterotrophic bacteria. Increasing temperature will increase respiration rates (e.g. Vázquez-Domínguez et al. 2007 ), but will not necessarily decrease bacterial growth efficiency (BGE, defined as BP/(BP þ BR), where BR is bacterial respiration and BP is bacterial production) because the vast majority of the oceanic regions are oligotrophic and the limiting factor for bacterial growth is the availability of substrates, mostly organic matter derived from phytoplankton (López-Urrutia & Morán 2007) .
With ocean warming, it is likely that the oligotrophic regions of the ocean will become more stratified, and nutrient segregation-sharp gradients of inorganic nutrients where exchanges between the nutrient-rich deep waters and the nutrient-poor upper layer are reduced as a result of enhanced stratification-will have a negative impact on net PP. Some studies have already reported strong evidence for ocean 'oligotrophication' as a direct effect of global warming (Falkowski & Wilson 1992; Karl et al. 2001; Behrenfeld et al. 2006; Falkowski & Oliver 2007; Polovina et al. 2008) and have forecasted shifts in the size structure of the autotrophic community (Morán et al. 2010) . However, in terms of dissolved PP, these results can be misleading as temperature is known to stimulate phytoplankton exudation (Morán et al. 2006; but see Watanabe 1980; Verity 1981; Zlotnik & Dubinsky 1989) and consequently a temperature increase would increase substrate availability for heterotrophic bacteria. Thus, the lack of a consensual and unequivocal theoretical framework on how phytoplankton will respond to climate change (e.g. Falkowski & Oliver 2007; Falkowski & Oliver 2008; Peters 2008 ) strongly compromises our ability to make predictions about the effects of warming on heterotrophic bacteria and associated ecosystem processes (BP, BR, BGE) and on microzooplankton grazing rates. Approaches to this area correspond to three different spatio-temporal scales: the experimental approach (punctual and local scale), the use of ecological theory (time-independent and localregional scale) and long-term observations (seasonal/ inter-annual and regional-global scale).
(a) Experimental evidence The design of temperature perturbation experiments is a key factor when evaluating the evidence for the effect of temperature increases on organism abundance and activity. Some experiments tend to highlight acclimatation issues and are designed to observe, under laboratory conditions, the changes produced by slight warming on very simplistic communities of micro-organisms growing during a relatively large numbers of generations. In laboratory microcosms, Petchey et al. (1999) studied how microbial food webs with different degrees of complexity responded to such a slow progressive warming. They found PP and decomposition rates increased directly through increased temperature-dependent physiological rates and indirectly through changes in Review. Warming and marine microbial food webs H. Sarmento et al. 2139 trophic structure. The extinction of protist top predators and herbivores in warmed communities was evident, with a clear increase in the dominance of autotrophs and bacterivores. The communities used in these experiments were 'custom-made' microbial food webs strongly simplified compared with natural communities.
A different experimental approach is the use of temperature-controlled mesocosms in which the community is warmed over a short period, and then maintained at this temperature. In a mesocosm experiment of this kind carried out in the Baltic Sea, in which sea water was warmed by 2, 4 and 68C, Hoppe et al. (2008) reported an acceleration of bacterial degradation of organic matter derived from a phytoplankton spring bloom and an increase in the average ratio between BP and PP with temperature. Community respiration increased in warmed conditions, with an increase in the contribution of the picoplankton (i.e. less than 3 mm fraction) to total respiration. The authors used these results to predict that warming during the winter/early spring in temperate climatic zones would favour bacterial degradation of organic matter by tightening the coupling between phytoplankton and bacteria. As highlighted by the authors, these predictions would only be valid if PP was not reduced by warming.
In another study with a similar experimental design (mesocosms warmed by 2, 4 and 68C), Wohlers et al. (2009) also observed an acceleration of the respiratory consumption of organic carbon relative to autotrophic production with temperature, with a decrease in the biological drawdown of dissolved inorganic carbon of up to 31 per cent. In this experiment, warming shifted the partitioning between particulate and dissolved organic carbon towards an enhanced accumulation of dissolved compounds (higher phytoplankton exudation and less particle aggregation), and the loss of organic carbon through sinking was reduced at the highest temperatures. The main conclusions of this work were that changes in biogenic carbon flow by warming had the potential to reduce the transfer of primary produced organic matter to higher trophic levels, weakening the ocean's biological carbon pump and providing a positive feedback to rising of atmospheric CO 2 , in line with predictions derived from the model of Laws et al. (2000) .
Using a slightly different approach, Vázquez-Domínguez et al. (2007) incubated samples in microcosms at different temperatures over short periods of time (24-48 h), and measured the different variables of interest throughout a seasonal cycle in a coastal Mediterranean site. In this study, the warmed (ca 28C) samples had total bacterial carbon demand on average 20 per cent higher than unwarmed samples, without any effect on the partitioning of this demand into production or respiration (that is, BGE). In this case, the predictions suggested a positive feedback between warming of coastal waters and CO 2 production.
In summary, evidence from experimental approaches suggests that warming will favour a more oligotrophic ocean, with a higher proportion of picophytoplankton among autotrophs and higher BR, thus making the microbial food web even more important. The studies reviewed suggest that the future warmed ocean will behave as it currently does in the parts of the ocean that experience the highest temperatures.
Perturbation experiments exploring the effect of temperature on bacterial losses to grazing are rare. In a temperate system, Marrasé et al. (1992) warmed samples to 208C over a year cycle, and then measured bacterial losses to grazing. In the warmed samples, grazing on bacteria (GB) rates were higher with an increase proportional to the degree of warming. In Antarctic waters, Vaqué et al. (2009) performed a microcosm experiment with temperature manipulation (21 to 58C) and observed that a temperature increase affected grazing rates and BP differentially. In general, GB increased at maximal rates at temperatures lower than 28C, while BP increased at higher rates at temperatures greater than 28C, which suggests that BP and bacterial grazing would become uncoupled processes at higher temperatures. However, the implications for carbon fluxes of this apparent uncoupling must be considered carefully because acclimatation and taxa substitutions in microbial assemblages for optimized growth at different conditions need to be factored in (e.g. Karl et al. 2001; Morán et al. 2010) .
Despite methodological considerations that make each experiment unique and the limitations for extrapolation to a global scale, most studies showed increases in microbial metabolism with temperature and an increase in the activity of the immediate trophic level, bacterial grazers. One approach to unify, validate and/or explain these common trends observed in various experiments is the use of ecological theory.
(b) The use of current ecological theory Considerable evidence has accumulated in recent years on the merits of using theoretical approaches to explain patterns and predict changes in both disturbed and undisturbed marine systems. For instance, recent developments in the so-called MTE (sensu Brown et al. 2004) can provide important insights into the effects of impending warming on the structure and dynamics of marine ecosystems.
MTE takes individual metabolism as the fundamental process that regulates the flux of energy and matter through different levels of biological organization, from individuals to ecosystems. It assumes nutrients and energy are transported and optimized through a fractal-like distribution network (West et al. 1997) , from which a set of metabolic processes can be predicted and quantified, and from which a number of analytical predictions emerge at the individual, population, community and ecosystem level. The fundamental variable in the MTE is individual metabolic rate-the power required to sustain an organism-represented by the general metabolic model (West et al. 1997; Gillooly et al. 2001; Brown et al. 2004) :
where B i is the basal metabolic rate (i.e. the rate of respiration for a heterotroph) of an individual i, b 0 is a normalization constant independent of body size and temperature, e 2E/kT is the Boltzmann factor that describes the temperature T dependence of metabolic rate, where k is Boltzmann's constant (8.62 Â 10 25 eV K
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) and E is the activation energy of metabolism. M i corresponds to the body mass of individual i, and a is the allometric scaling exponent (West et al. 1997; Brown et al. 2004) . By summing the individual metabolic rates of all organisms within an ecosystem, it is possible to predict total ecosystem metabolic rates (Enquist et al. 2003; Allen et al. 2005; Ló pez-Urrutia et al. 2006) . This general metabolic model has been extended to describe and predict different community-level and ecosystem-level processes. It assumes these processes are dependent on two fundamental parameters: body mass (of the individual and their distribution within the community) and ambient temperature. Our interest here is on how some of the microbial processes change with temperature. This model offers a framework to forecast changes in ecosystem processes under different global warming scenarios.
In particular, we concentrate on BP and GB, which, as explained below, are two key processes within the microbial food web. Following MTE, BP can be expressed as
where nb is the number of bacteria in volume V, n 0 is a normalization constant independent of body size M i and temperature T, E BP is the activation energy governing the temperature dependence of BP and a is the allometric scaling exponent. The temperature dependence (i.e. E BP ) is characterized by the kinetics of ATP synthesis in the respiratory complex of heterotrophic organisms, where the average activation energy governing the temperature dependence of respiratory reactions is %0.65 eV (Bernacchi et al. 2001; Allen et al. 2005; Ló pez-Urrutia et al. 2006) . Equation (2.2) can be linearized, resulting in
ð2:3Þ
Because we wish to address the effects of warming alone on BP, we make the simplifying assumption that biomass abundance (i.e. P nb i¼1 M a i ) is constant, or at least invariant with temperature; that is, the product of number of bacteria and their mass does not change with temperature.
Similarly, GB can be predicted using MTE. To satisfy its energetic requirements, an organism must consume food according to its metabolism, and here we assume that ingestion (grazing) rate GR j (the mass of food required per individual of species j) is proportional to its metabolic rate, and therefore
where ng is the number of grazers in volume V, m 0 is a normalization constant independent of body size M i and temperature T, E GB is the activation energy for the temperature dependence of grazing rate and a is the allometric scaling exponent. As grazing rate is a particular case of ingestion, we can assume the temperature dependency of grazing rate is equal to the temperature dependence of ingestion rate. Previous work (Emmerson & Raffaelli 2004; Montoya et al. 2005; Brose et al. 2006) has shown that ingestion rates scale as metabolic rates, and thus, the activation energy of grazing rate is equal to the activation energy of basal metabolic rates (%0.75 eV) (Bernacchi et al. 2001; Allen et al. 2005 ; Ló pez-Urrutia et al. 2006), Equation (2.4) can be written as
To summarize, following MTE, we would expect both BP and grazing rates on bacteria to increase with temperature with slopes of 0.65 and 0.75, respectively. With increasing temperatures, GB would be more tightly coupled to BP (a larger proportion of BP would be taken by grazers) because the slope would be higher. That said, this is the expectation assuming temperature only affects physiological changes in the organisms, all other things being equal.
We tested these theoretical predictions with two different datasets taken from the literature. First, we used data from perturbation experiments that measured BP and GB after warming water above its ambient temperature in the laboratory. Leucine incorporation (Kirchman et al. 1985) is the most commonly used method to estimate BP: water samples are incubated for 1-3 h under different temperature regimes in the presence of a saturating amount of 3 H-leucine. GB can be estimated using different methods (reviewed by , the most commonly used being microscopic enumeration of ingested fluorescent particles per individual protist (often restricted to a limited size/taxonomic class of grazers) and/or measuring the disappearance of fluorescent particles over time (which provides an estimate of total community losses to grazing). Here, we compiled GB data obtained by the disappearance of fluorescent particles method (Sherr et al. 1987; Vázquez-Domínguez et al. 1999) in order to include grazing by the whole community, in accordance with equations (2.4) and (2.5), where the effect of individual grazers is aggregated at the community level, and therefore community grazing is the predictive variable. We call these 'perturbation experiments' (in situ temperature is perturbed).
We also analysed experiments that measured both BP and GB under natural temperature conditions. In this case, the samples were taken from different oceans at different latitudes (electronic supplementary material), with a wide temperature range (21.7 to 28.98C). These are usually called space-for-time experiments or substitutions.
To test for the accuracy and precision of our theoretical predictions, we used empirical observations. We plotted ln(BP) versus 1/kT and ln(GB) versus 1/kT, and observed the slopes that correspond to their respective activation energies (table 1, figures 2 and 3) . To assess the agreement between the theoretical prediction and empirical observations of activation energies, we performed a reiterative analysis of the confidence intervals of the regression slopes. This involves reducing the confidence level and therefore decreasing the amplitude of the confidence intervals for each regression until the theoretical prediction for the slope (i.e. activation energy) lies outside this interval. We call this confidence level the critical confidence level (critical CL) (table 1) . A critical CL of 95 per cent means we are 95 per cent confident that the observed slope is in the range of the confidence interval and the theoretical prediction is within that interval too. This is a conservative approach, where we try to narrow the amplitude of the interval to see how robust the theoretical prediction is.
(i) Conclusions for perturbation experiments
For BP, seven out of 13 experiments showed a significant increase with T, with activation energies ranging from 0.38 to 1.27, and a mean value of 0.70 (table 1, figure 3 ), close to the theoretical prediction (0.65). For the individual regressions, the theoretical prediction lay within the confidence interval even at relatively narrow intervals (see table 1 for details). For GB, only three out of eight experiments showed a significant increase with increasing temperatures. For those, slopes ranged from 0.67 to 0.90, with a mean of 0.77 (table 1, figure 3), close to the theoretical expectation of 0.75. Again, this theoretical prediction was within the confidence interval even at relatively narrow intervals (see table 1 for details).
Only around half of experiments showed a temperature dependency of either BP or GB. At present, we can offer no explanation for this, except for idiosyncratic ones (e.g. temperature control was not assured throughout the experiment). We certainly do not feel we should reject the hypothesis that metabolism is temperature dependent, given the fundamental nature of that relationship. But in those experiments where temperature was a determinant of process rate, observations fit theoretical predictions from MTE. In this manner, when temperature affects any of these two bacterial processes, its effects can be predicted and understood from relatively simple physiological mechanisms at the individual level. In those cases, theory and experimental manipulations suggest grazing rates on bacteria would increase faster with increasing temperatures than BP. This implies shortterm environmental warming would change the bacterial -grazers biomass flux: there would be more total biomass flux, but also a larger fraction of the increased BP would be taken by grazers.
(ii) Conclusions for space-for-time measurements In this case, both BP and GB significantly increase with increasing temperature, but with relatively low proportions of the variance explained by temperature (r 2 values of 0.21 and 0.28, respectively, table 1). For BP, the observed activation energy was 0.67, very close to the theoretical prediction of 0.65, and within the confidence interval for different confidence levels (table 1) . However, the observed activation energy for GB (0.46) was considerably smaller than the predicted MTE value (0.75), and the theoretical value was outwith the confidence interval.
If space-for-time substitutions are used to predict the effects of warming on bacteria and their associated grazers, we would predict BP to increase at a faster rate than bacterial grazing. Thus, bacterial -grazers biomass flux would increase overall, but the fraction of BP taken by grazers would be smaller in a warmer world. This is the contrary both to theoretical predictions and to the outcome of short-term experimental manipulations, where significant temperature effects were suggested.
In view of this, it is difficult to decide which approach is the best to forecast the effects of warming on bacterial-associated ecosystem processes: results derived from theory, short-term experimental manipulations and space-for-time substitutions can lead to different (and sometimes opposite) conclusions. In the present paper, temperature-induced changes in BP are coherent under the three approaches: when BP increases with increasing temperatures, it does so with a slope close to 0.65. For GB, theory and shortterm manipulative experiments agree: when GB increases with temperature, it does so with a slope close to 0.75, larger than shown by space-for-time substitutions. Taken together, the three approaches imply that in a warmer ocean, BP and GB would increase and biomass flux from bacteria to grazers would also increase. With respect to the proportion of biomass production taken by grazers, the different approaches provide contrary insights. For those few experiments where temperature showed an effect, there was agreement that the proportion would increase, but in the case of space-for-time substitutions, the proportion would decrease. Two plausible mechanisms might help to explain these contradictions.
Both MTE and experimental results only contemplate the effects of temperature on organism physiology and its additive effects at the community level. Thus, they do not consider other factors that are affected by temperature in the natural systems used in space-for-time substitutions that can also affect grazing rates. First, we consider changes that may occur in other compartments within the food web. Predation rates on grazers are expected to increase with temperature in proportion to predator body mass (Emmerson & Raffaelli 2004; Brose et al. 2006) . Under natural conditions, predators would decrease protist grazer abundances, and thus grazing rates on bacteria would not increase as fast as theory predicts and experiments that systematically exclude predators show.
Second, the proportion of the GB attributed to mixotrophic protists (capable of photosynthesis and particle grazing) may change along a temperature gradient (we have insufficient data to test this). These organisms use photosynthesis as a complementary source of energy, but MTE assumes that all organisms use the same energy source. Further, we assumed mixotrophy to be constant across systems (i.e. the same fraction of grazing and photosynthesis within the grazer guild) and changes in the proportion of grazing by mixotrophic protists throughout the temperature range covered could account for the lower than predicted observed activation energy. In other words, a higher proportion of mixotrophy within the grazer community would be an alternative way (other than bacterivory) for fulfilling the energy requirements associated with the high metabolic costs of living in a warmer environment. It has been shown that mixotrophic flagellates have lower specific ingestion rates than heterotrophic nanoflagellates (Unrein et al. 2007) ; but, owing to their high abundance (Jü rgens & Massana 2008) , their contribution to total GB can be extremely important. Zubkov & Tarran (2008) found that small algae carry out 40 -95% of total GB in the euphotic layer of the temperate North Atlantic Ocean in summer and a similar range of 37-70% in the surface waters of the tropical Northeast Atlantic Ocean. However, both sets of measurements were performed in warm waters, so it is not possible to identify temperature effects.
(c) Long-term observations In additions to changes within bacterial assemblages, a temperature increase is likely to change total bacterial abundance within a particular region. Theoretical predictions point towards a decrease in abundance with increasing temperatures (Brown et al. 2004) . With some simplifying assumptions, it is even possible to quantify the precise changes in total abundance that could be expected. In particular, the MTE predicts the following relationship between abundance N and temperature T:
where N B is total bacterial abundance at the beginning of either the experiment or sampling collection, e E=kT B is the Boltzmann factor that describes the temperature dependence of abundance, where T B is the initial temperature, M corresponds to bacterial body mass and a is the allometric scaling exponent (West et al. 1997; Brown et al. 2004) , and r 0 is a normalization constant independent of body mass and temperature.
Similarly, the abundance at the end of the warming experiment or sampling collection, for the new temperature T E is given by:
E=kT E M a E : For simplicity, we assume the same normalization constant for both cases (i.e. constant resource availability, sensu Brown et al. 2004) , and the same body mass distribution within bacterial assemblages for both temperatures (M B ¼ M E ). Therefore, the ratio of change in total abundance between temperatures T B and T E is given by
which, given the assumptions below, can be simplified and written as
and therefore, the ratio of decrease can be predicted by simply knowing T B and T E . A bacterial community containing 6 Â 10 5 cells ml
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, typical of the summer situation in the NW Mediterranean (e.g. AlonsoSáez et al. 2008) , would decrease 18.6 per cent with a 28C increase in temperature. A period of 10 years with the known increase in temperature of the NW Mediterranean sea of 0.0328C yr 21 (Salat & Pascual 2006) would represent a decrease of 3.2 per cent in bacterial abundance, a value probably too low to be detected with current microbial ecology techniques.
In the Blanes Bay Microbial Observatory, a coastal station in the NW Mediterranean, a trend of decreasing bacterial abundance has been detected in recent years (figure 4b), amounting to 51 000 cells ml 21 yr
, 10 per cent per year. This decreasing trend is three times higher than the theoretical prediction, and might reflect the waste water depuration efforts undertaken in that part of the coast that have led to a decrease in nutrient inputs from the land, or perhaps to changes in land-ocean influx of organic materials if changes in rain patterns have occurred. Chlorophyll a also showed a significant decreasing trend (0.088 mg Chl a m 23 yr 21 on average, figure 4a) as did Secchi disc depth (water is becoming more transparent); silica and phosphate concentrations are also decreasing (data not shown).
Even if environmental signals owing to relatively small increases in temperature per year may be swamped by other environmental changes and thus remain difficult to detect unambiguously, the longterm observations in the Blanes Bay Microbial Observatory show a similar trend to the theoretical predictions. Long-term observations of marine ecosystems are rare, and time series of microbial abundance and diversity are even rarer (but see, e.g. Gerdts et al. 2004 ). Where they have been made in the past, they have allowed insights into changes occurring in the Pacific Ocean (e.g. Karl 1999) , in the Arctic Ocean (Li et al. 2009) or in the body size of fish in European lakes (Daufresne et al. 2009 ). Long-term datasets have also been used to refute the hypothesis of a change in the North Sea spring bloom caused by warming (Wiltshire et al. 2008) . As in the case of Blanes Bay mentioned above, several factors seem to contribute to the detected changes.
THE ROLE OF EACH SCIENTIFIC APPROACH
Experiments, which involve the generation of artificial variability by the manipulation of certain factors, allow the reduction of the complexity of a system so that hypothesis testing becomes more tractable (e.g. they provide opportunities to falsify hypotheses). However, their relevance to natural field situations is often debated and their utility probably lies more in identifying mechanisms and possible, rather than probable, outcomes. In particular, they are often conducted at scales not appropriate to the broader questions in which society has a stake and their highly controlled nature means that potential synergistic and antagonistic interactions between environmental forcing factors are often missed.
The unstated assumption behind the experiments that raise the temperature approximately 28C in a water sample in order to predict what will occur in a 100 years time is that temperature has a physiological effect which is so pervasive that all micro-organisms will be equally affected. Indeed, with microbes growing at rates of ca 1 d
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, the expected 28C that oceans will warm during this century represents ca 300 000 generations. In other words, each generation will experience, on average, a change of 0.0000078C, microbes will have plenty of time to adapt and it is likely that the sudden change of temperature in the experiment will affect them in ways fundamentally different from those likely to be experienced in reality. Such problems have motivated many to explore other approaches to the problem. Ecological theory provides one such framework, and the one adopted here is based purely on physiological determinants of organism growth and grazing. However, and as has been illustrated above, temperature is not the only variable associated with climate change, and the effects of rising temperatures might even be contrary to the effects produced by other representations of global change, e.g. decreased input of land-derived nutrients as a consequence of decreased rainfall. Oligotrophic environments tend to be warmer, but with low nutrients, and a change in the nutrient inputs could be as important as temperature, both of which affect bacterial growth rates (White et al. 1991) .
Long-term data series would be useful for exploring such complex interactions in the real world, but such observations are rare because of the short-term focus of funding bodies. Consequently, we now lack much of the information we could have obtained from such data series, in contrast to climatologists who have been able to use equivalent data.
SYNOPSIS: KNOWNS AND UNKNOWNS CONCERNING THE EFFECTS OF TEMPERATURE ON MICROBIAL FOOD WEB INTERACTIONS
In a warmer ocean, the fate of heterotrophic bacteria metabolism will strongly depend on the rates at which labile organic carbon derived from primary producers will become available to fuel BP. However, the prediction of metabolic rates in autotrophs and the partitioning of their carbon uptake into particulated (biomass) or dissolved (excretion and cell lysis) organic carbon remain uncertain. Characterizing the processes of production of dissolved organic molecules (DOM) by autotrophs and their lability (susceptibility to bacterial degradation) is undoubtedly one of the great challenges in the near future for marine research.
In addition, the way in which bacterial metabolism and community structure will be affected by a community shift in the phytoplankton is far from understood. It is possible to envision that a region of the ocean typically dominated by the cyanobacteria Synechococcustypical picophytoplankton of the oligotrophic ocean in temperate regions-could shift to dominance by smaller cyanobacteria, Prochlorococcus-largely dominant in tropical regions (e.g. Zubkov et al. 2000; Vázquez-Domínguez et al. 2008) . Intuitively, we would expect substantial differences in the quality and quantity of DOM produced in the first and the second case, as well as in the predators that benefit in each case. But the exact rate of change in the bacterial community and its metabolism in response to such a shift remains uncertain.
Nevertheless, we do have enough experimental evidence and a theoretical basis to predict that, in the upper layer of a stratified and oligotrophic ocean (corresponding to the largest proportion of the total ocean surface), temperature increases will probably result in an increase in BR of organic carbon and of bacterial losses to grazers, increasing the biomass flux between these two trophic levels within the microbial food web. If enough resources are available (as labile organic matter), BP would also increase, at rates probably higher than GB. In that case, bacterial abundance would also increase, and a higher proportion of inorganic nutrients would accumulate as bacterial biomass, thus strengthening the role of heterotrophy in the worlds' oceans. Planktonic communities would tend to decrease their average size (Falkowski & Oliver 2007; Daufresne et al. 2009; Morán et al. 2010) , and a reinforcement of the already dominant role of microbes in the carbon cycle in a warmer ocean is highly probable. 
